The role of macrophages (Mw) as the first line of host defense is well accepted. These cells play a central role in orchestrating crucial functions during schistosomal infection. Thus, understanding the functional diversity of these cells in the process of infection as well as the mechanisms underlying these events is crucial for developing disease control strategies. In this study, we adopted a Mw polarization recognition system. M1 macrophage was characterized by expressing CD16/32, IL-12 and iNOS. M2 macrophage was characterized by expressing CD206, IL-10 and arg-1. In vivo (mouse peritoneal macrophages of different infection stages were obtained) and in vitro (different S. japonicum antigens were used to stimulate RAW264.7) were characterized by using the above mentioned system. NCA and ACA stimulated RAW264.7 express significantly higher levels of IL-12 while significantly higher levels of IL-10 were detected after soluble egg antigen (SEA) stimulation. The results showed that dramatic changes of antigen in the microenvironment before and after egg production led to macrophage polarization. Furthermore, through TLR blocking experiments, the TLR4 signaling pathway was found to play a role in the process of macrophage polarization toward M1. Our data suggest that macrophage polarization during S. japonicum infection had significant effects on host immune responses to S. japonicum.
INTRODUCTION
Schistosomiasis is a zoonotic parasitic diseases and poses a serious hazard to human health [1] . Schistosoma japonicum invades mammalian hosts and triggers complex immune responses. Researchers are gradually uncovering the complex interplay between this helminth and its appropriate hosts including humans. It has been reported that specific cellular immunity plays a vital role in the immune response of schistosomiasis. Th1 type immune response plays a dominant role at the early stage of S. mansoni and S. japonicum infection [8] , while Th2 type immune response predominates after egg production. A large number of studies have summarized the characteristics of host immune response after S. japonicum infection: in the initial 2 to 4 weeks after infection, under the stimulation of migrating schistosomula, the host shows Th1 type (IFN-c, TNF) response; once egg production begins, Th1 type response drops rapidly, and Th2 type (IL-4, IL-13, IL-10, IL-5) response starts [2] [3] [4] [5] [6] [7] [8] . Therefore, host cytokine environment changes before and after egg production. But so far, the mechanism underlying this immune phenomenon has not been fully elucidated. Thus, it is very important to continue to explore and understand the immune responses induced by S. japonicum so as to manipulate host immune responses toward the direction that will facilitate human immunity against schistosomiasis.
Macrophages (Mw) occupy a unique position in the immune system. They function in both non-specific defense (innate immunity) as well as help initiate specific defense mechanisms (adaptive immunity) of vertebrate animals. It has been found that macrophage are highly heterogeneous cells that can differentiate into distinct subtypes in response to local microenvironmental signals [9] . There are two major subtypes of macrophage: M1 and M2. M1 is classically activated and phagocytoses and destroys pathogens and malignant cells. It also activates adaptive immune responses by secretion of proinflammatory cytokines and chemokines and acting as professional antigen-presenting cell. M2 is alternatively activated macrophages induced by GM-CSF, IL-4, -13, -10, glucocorticoid, TGF-beta, vitamin D3, PGE2 and etc. M2 has low antigen presentation capacity and can down-regulate adaptive immune responses by secretion of IL-10, CCL17, CCL18 and TGF-b [10] [11] [12] [13] [14] [15] [16] [17] . Obviously, M1 and M2 can lead to either positive or negative regulatory signals to the immune responses, respectively. It is important to determine whether macrophage polarization may be linked to the change of microenvironments before and after egg production during schistosome infection and then regulates the development of adaptive immune responses, including Th polarization shift. The aim of this study was to find the molecular evidence of Mw polarization associated with the change of antigen microenvironments before and after egg production during schistosome infection. We carried out in vitro (macrophage cell line RAW264.7) and in vivo (experimental infection of mice with S. japonicum) experiments. Our study may enrich our knowledge of host immune responses during S. japonicum infection, and add experimental evidence of immune suppression induced by egg antigens. We also discuss possible strategies of S. japonicum escape from host immune responses, which may provide insight into developing anti-schistosomiasis vaccines and more effective anti-schistosome drugs. Our study points to the possibility of enhancing anti-schistosome immune responses by skewing in vivo macrophage polarization as part of vaccination strategy.
MATERIALS AND METHODS

Experimental mice and parasites
Six to eight-week-old C57BL/6J (B6) mice (female, 120) were purchased from the Animal Research Center of Nanjing University (Nanjing, China). All mice were maintained and bred under specific pathogen-free conditions. All experiments were undertaken with the approval of Nanjing Medical University Animal Ethics Committee. Schistosoma japonicum (S. japonicum, a Chinese mainland strain) cercariae were maintained in Oncomelania hupensis snails as the intermediate host, which were purchased from Jiangsu Institute of Parasitic Disease (Wuxi, China).
Infection with S. japonicum and isolation of peritoneal macrophages C57BL/6J (B6) mice were percutaneously infected with 20 ¡ 2 S. japonicum cercariae through their shaved abdomen. All mice were sacrificed at different S. japonicum infection stages (at 0, 3, 6 and 9 weeks after infection) to obtain murine peritoneal macrophages according to the literature [18] .
Culture and stimulation of murine macrophage cell line (RAW264.7)
The RAW264.7 murine macrophage cell line (TIB-71; American Type Culture Collection, Manassas, VA) was maintained at 37uC in 5% CO 2 in 10-cm dishes with Dulbecco 9 s modified Eagle 9 s medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with antibiotics and 10% fetal bovine serum (FBS). Cells in passages 5 to 8 were used in the experiments.
For stimulation, at 37uC in 5% CO 2 for 48 hours, classic M1 inducer IFN-c (2 ng/mL) (PeproTech, USA), lipopolysaccharide (LPS) (5 ng/mL) (Sigma, St. Louis, MA, USA) and M2 inducer IL-4 (10 ng/ mL) (PeproTech, USA) were used. The normal cercaria antigen (NCA) (40 ng/mL), attenuated cercaria antigen (ACA) (40 ng/mL), soluble egg antigen (SEA) (40 ng/ mL) and soluble worm anti-gen (SWAP) (40 ng/mL) were prepared as before [19] . The concentrations of antigens were assayed using Bicinchoninic Acid Protein Assay Kit (Pierce, Rockford, IL, USA).
Measurement of M1/M2 cytokine levels in the macrophage culture supernatants Stimulated RAW264.7 cells or isolated peritoneal macrophages from different S. japonicum infection stages cultivated at 37uC in 5% CO2 for 48 hours. Next, the supernatants were collected for the M1/M2 cytokine assay. IL-12, IL-10, TNF-a and TGF-b1 levels were examined by enzyme-linked immuno sorbent assay (ELISA) kits (eBioscience, USA).
Flow cytometry method
Percentage of M1 and M2 was determined by twocolor staining with FITC-and PECy5-labeled antibodies.
For each staining, one antibody for lineage markers (CD16/32 or CD206) were used with one antibody for macrophage markers (F4/80). Totally, 4610 5 cells were incubated with staining antibodies for 15 minutes at room temperature in the dark. Cells were washed three times with PBS before the expression of surface molecules was examined by flow cytometry on a FACSCalibur TM (BD Biosciences, Heidelberg, Germany). A total of 10,000 events were analyzed. Data analysis was performed by FCS Express (De Novo Software, Los Angeles, CA, USA).
Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from RAW264.7 stimulated by different stimuli and mouse peritoneal macrophages obtained from mice with different S. japonicum infection stages. Total RNA was transcribed to cDNA by using a commercially available reverse transcription kit (Epicentre Technologies, Madison, WI, USA). The cDNA was employed as a template in real-time PCR using the ABI 7900 real-time PCR system (ABI, USA). Primers specific for gapdh, iNOS (inos) and Arg-1 (arg1) are shown in Table 1 . Reactions were performed using 2 mL of cDNA in a 10 mL reaction volume and the following thermal cycle profile: 10 minutes of denaturation at 95uC, 40 cycles of denaturation at 95uC for 15 seconds and then 60 seconds of extension at 60uC. PCR amplification of gapdh was performed to allow normalization between samples.
Antibody blocking assay
Antibody blocking experiment was performed to understand the effect of TLR2 and TLR4 in S. japonicum antigen induced macrophage polarization. RAW 264.7 cells were incubated in 96-well flat-bottom plates (2.06105 cells/well). For experiments blocking TLR4, adherent RAW 264.7 cells were treated with 50 mg/mL of anti-mouse TLR4 antibody or isotype control antibody IgG2a for 30 minutes at 37uC. Following incubation with antibodies, NCA, SEA, and SWAP (40 mg/mL), were respectively added, and cells were incubated for 48 hours at 37uC, 5% CO 2 .
Then, these cells were collected and assayed for lineage markers (CD16/32 or CD206). The culture supernatants were collected and assayed for IL-12 and IL-10 production. Cells cultured with medium alone were used as controls.
Statistical analysis
The data were presented as mean ¡ SEM. ANOVA followed by the Newman-Keuls test was used for the analysis of differences among multiple groups. Student 9 s t-test was used for comparisons between the two groups. All statistic analyses were performed with SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). Significant difference was established when P was , 0.05.
RESULTS
Reading criteria foracrophage polarization
We used flow cytometry to detect CD16/32 and CD206 expression. The results showed that upon IFN-c/LPS stimulation, CD16/32 expression increased significantly (P , 0.01) in RAW264.7 with no significant changes in CD206 expression. Following IL-4 stimulation, CD206 expression increased significantly in RAW264.7 compared to unstimulated cells (P , 0.01) while CD16/32 expression did not change (Fig. 1A 1B and ). The ELISA assay results indicated that RAW264.7 secreted significantly higher levels of IL-12 following IFN-c/LPS stimulation compared to cells without stimulation, but almost with no detectable level of IL-10; however, IL-4 stimulated RAW264.7 barely secreted IL-12 but significantly higher levels of IL-10 (P , 0.01) (Fig. 1C) . Compared to unstimulated RAW264.7, IFN-c/LPS stimulated cells expressed significantly higher levels of iNOS gene encoded fragments, but almost no expression of Arg-1 gene coding fragments (P , 0.01); However, IL-4 stimulated RAW264.7 expressed higher levels of Arg-1 gene encoded fragments with significance (P , 0.01), while there was almost no expression of iNOS gene encoded fragments (Fig. 1D) . Fig. 2A  2B  and ). RAW264.7 secreted significantly higher levels of IL-12 as shown by ELISA with NCA and ACA stimulation compared to cells without stimulation, but almost with no IL-10. However, SEA stimulated RAW264.7 secreted significantly high levels of IL-10 with low levels of IL-12. SWAP stimulated RAW264.7 secreted both high levels of IL-12 and IL-10 (P , 0.01) (Fig. 2C) . Compared to unstimulated RAW264.7, NCA and ACA stimulated cells expressed significantly high levels of iNOS gene encoded fragments, but almost no expression of Arg-1 gene encoded fragments (P , 0.01). However, SEA stimulated RAW264.7 expressed high levels of Arg-1 gene encoded fragments with significance (P , 0.01), while almost no expression of iNOS gene encoded fragments. SWAP stimulated RAW264.7 expressed both high levels of iNOS and Arg-1 gene encoded fragments (Fig. 2D) .
Mw polarization induced by schistosomal infection
The highest expression of M1 surface marker CD16/ 32 appeared at 3 weeks after infection, and gradually declined from 6 weeks after infection (P , 0.01). M2 surface marker CD206 expression increased at 3 weeks after infection, reaching to the highest level at 9 weeks after infection (Fig. 3A  3B  and ). We also detected IL-12 and IL-10 secretion, and iNOS and Arg-1 mRNA expression to identify polarization properties. The results showed that mouse macrophages secreted high levels of IL-12 and before the production of worm egg, and then gradually decreased to a lower level after egg production, while IL-10 levels significantly increased at the time of egg deposition, which is 6 weeks after infection. iNOS mRNA expression reached the highest level at 3 weeks after infection, Arg-1 mRNA expression significantly increased after egg production ( Fig. 3C  3D  and ). These results showed that M1 polarization dominated before egg production while M2 dominated after egg production.
To investigate the Th1/Th2 cytokine levels of polarized macrophages, we used schistosome antigens of different developmental stages as stimuli. The ELISA assay results showed that compared to week 0, TNFa secretion of peritoneal macrophages reached the highest level at 3 weeks (P , 0.01), and gradually declined from 6 weeks after infection; TGF-b expression increased at 3 weeks after infection, reaching the highest level at 9 weeks after infection ( Fig. 4A  4B  and ). As the cytokine levels of peritoneal macrophage without stimulation were very low, we also used R264.7 cell line to verify the results of in vivo experiment. The results showed that TNF-a expression was significantly increased with NCA stimulation compared to SEA stimulated (P , 0.01); TGF-b expression was significantly increased following SEA stimulation compared to the NCA stimulated group, which was consistent with the in vivo results (Fig.  4C  4D  and ).
The TLR4 signaling pathway affected macrophage polarization
Flow cytometry showed that when TLR2 pathway was blocked, there was no significant influence in CD16/32 and CD206 expression in RAW264.7 with NCA, SWAP and SEA stimulation compared to the control group (P , 0.01). When the TLR4 pathway was blocked, NCA stimulated Mw expressed lower levels of CD16/32 compared to the control group (P , 0.01), but with no significant difference in CD206 expression after SWAP and SEA stimulated (Fig.  5A  5B  and ). When the TLR2 pathway was blocked, there was no significant difference in the levels of IL-12 and IL-10 secretion by RAW264.7 with NCA, SWAP and SEA stimulation stimulated compared to the control group (P , 0.01). When the TLR4 pathway was blocked, NCA stimulated Mw secreted lower levels of IL-12 compared to the control group (P , 0.01), but with no significant difference in IL-10 expression after SWAP and SEA stimulation (Fig. 5C) . When the TLR2 pathway was blocked, there was no significant influence on inos and arg1 expression in RAW264.7 with NCA, SWAP and SEA stimulation compared to the control group (P , 0.01) When the TLR4 pathway was blocked, NCA stimulated MQ expressed lower levels of inos compared to the control group (P , 0.01), but with no significant difference in arg1 expression after SWAP and SEA stimulation (Fig. 5D ).
DISCUSSION
S. japonicum experiences several developmental stages in the host. S. japonicum antigens derived from different stages may induce macrophage polarization and regulate immune responses. In this study, in vitro and in vivo experiments demonstrated the relationship between the stimulation of S. japonicum antigens and macrophage polarization, and provided molecular evidence of macrophage differentiation.
Firstly, we built a macrophage polarization recognition system, through which to observe the influence of S. japonicum antigens on macrophage polarization. Although there were functional differences between M1 and M2, their phenotypes were similar. According to the previous study [20] , we chose the arginine metabolic pathway (inos, arg-1), surface markers (CD16/32, CD206) and cytokine secretion (IL-12, IL-10) to compose the macrophage polarization recognition system. As classic M1 inducer IFN-c/LPS and M2 inducer IL-4 can stimulate M1/M2 polarization, we stimulated RAW264.7 (M0) with IFN-c/LPS and IL-4. The result showed that the system was successfully reproduced under our experimental conditions. Next, we found that S. japonicum antigens derived from different developmental stages could induced MQ polarization. M1 marker (CD16/32, IL-12 and inos) expression was significantly increased in RAW264.7 following NCA and ACA stimulation (P , 0.01) while M2 marker (CD206, IL-10, arg1) expression was significantly increased in RAW264.7 following SEA stimulation compared with the control group (P , 0.01). These results showed that in vitro ACA and NCA (before laying eggs) induced M1 polarization, while SEA (after laying eggs) induced M2 polarization. In addition, SWAP could induce both M1 and M2 due to its complicated ingredients (contaminated with SEA).
Further experiments were performed in vivo to detect MQ polarization shift during S. japonicum natural infection. By using the macrophage polarization recognition system, we detected M1 markers (CD16/32, IL-12 and inos) and M2 markers (CD206, IL-10, arg1) of mouse peritoneal macrophages from different stages of S. japonicum infection. The results showed that M1 polarization dominated before egg production while M2 dominated after egg production. Interestingly, during 3 to 9 weeks after infection, we observed that peritoneal cells were divided into two groups according to F4/80 fluorescence intensity. A small proportion of peritoneal cells did not stain positive for F4/80, and were likely not macrophages. Therefore, we compared macrophage polarization markers within those F4/80-positive cells. We found that a higher percentage of macrophages were positive for CD16/32 at the third week, but gradually decreased to less than 50% at the ninth week. On the other hand, CD206-positive macrophages increased through the course of infection, reaching 76% of all macrophages at the ninth week. This observation in peritoneal macrophages is consistent with macrophage polarization shift observed in vitro.
At the same time, we noticed that macrophages predominantly secreted Th1 cytokines (TNF alpha, IL-12) before egg production, but mainly Th2 cytokines (IL-10, TGF-beta) after egg production, which hypothesized that macrophages polarization regulated immune responses after S. japonicum infection. The results of in vivo and in vitro studies above showed that S. japonicum antigens derived from different developmental stages could induce macrophage polarization and regulate immune microenvironment through secreting cytokines, thus contributing to host immune responses after S. japonicum, such as Th cell shift in cellular immunology.
TLR2 and TLR4 are mainly expressed on cells that are related to the first line defense of the host [21] [22] [23] [24] [25] [26] , including dendritic cells, macrophages, mononuclear cells and neutrophils. Many studies have demonstrated that TLR2 and TLR4 play an important role in infections by viruses, bacteria, fungi and protozoa, and the functions of TLR2 or TLR4 vary according to the nature of pathogens [27] [28] [29] [30] . Our previous study found that TLR2 and TLR4 deficiencies could lead to opposite results during S. japonicum infection [34] . The enhanced cytokine milieu in TLR2 deficien background was unfavorable for the parasite. On the contrary, TLR4 might be involved in the protection against the infection.
To understand the effect of TLR2 and TLR4 macrophage polarization induced by different S. japonicum antigens, we performed antibody blocking experiment. When TLR2 was blocked, there were no significant changes in both M1 marker (CD16/32, IL-12 and inos) and M2 marker (CD206, IL-10 and arg1) expression after antigen stimulation. However, when TLR4 was blocked, NCA stimulated Mw expressed significantly lower levels of M1 marker (CD16/32, IL-12 and inos) compared with the isotype control group (P , 0.01), indicating that the TLR4 pathway may be related to M1 polarization, which is in accordance with our previous study [31] that the TLR4 signaling pathway played a protective role in S. japonicum infection. Cheng et al. [32] also found that macrophages were mainly regulated by S. japonicum eggs through the TLR4 signal pathway according to the analysis of microarray data. Recent studies showed that M2 macrophage polarization were related processes orchestrated by p50 nuclear factor kb through the inhibition of NF-kB-driven, M1-polarizing and IFN-b production [33] . We speculate that the TLR4 signaling pathway may affect Mw polarization through this downstream molecules-p50 NF-kB, which needs further exploration.
With the development of genetics and molecular biology study, we more in-depth and comprehensive understanding of M1 and M2. In recent years, researchers made progress in the study of characteristic gene expression of M2. The trypanosoma model set up by Namangala et al. [34] has been proved to have guiding significance in the study of alternative activation of macrophage. In the early stage of trypanosome infection, macrophage polarized into M1, while alternatively activated M2 is given priority in the late stage and chronic infection. It explained that macrophages exert both positive and negative effects on immune responses, and this may be related to its polarization. According to immune response shift during S. japonicum infection, we believe that macrophages and schistosomiasis antigen interaction have a key influence on the start-up and regulation of host immune responses.
In summary, changes of antigens in the microenvironment are the key point to the polarization of macrophages during schistosomal infection. S. japonicum antigens can stimulate macrophages to be polarized into different subtypes; thus, different subtypes of macrophages participate in the regulation of immune response caused by S. japonicum infection. Our study provided new interpretation and experimental evidence to uncover the regularity of complex immune responses after schistosome infection.
